ABSTRACT
INTRODUCTION
Zinc-carbon dry cell batteries are widely used in different household applications like toys, radios, recorders, watches, remote controls, cameras, torches etc. These batteries are not rechargeable and are discarded when discharged. Household batteries are, at present, disposed (along with other household solid waste) in municipal solid waste (MSW) and are sent to a landfill or, in some countries, to a municipal waste combustion facility. When disposed in a land fill, the elements of the spent batteries can undergo natural leaching, seep into the ground water, change the water's pH and contaminate it [1] . The incineration of batteries also poses two major potential environmental concerns. The first is the release of metals (Zn, Pb and Hg, 642 Majharul Haque Khan and A.S.W Kurny Vol.11, No.6 if present) into the ambient air and the second is the concentration of metals in the ashes that must be landfill. The stabilization process on the other hand is a costly process [2] .
Zinc-carbon batteries and alkaline dry cell batteries are the most used types of batteries and constitute approximately 80% of waste dry-cell battery stream [3] . In the recent past mercury and cadmium along with lead were the main hazardous components in a zinc-carbon battery. In recent years mercury and cadmium are not used in zinc-carbon and alkaline manganese batteries [4] . However, a small amount of lead is still being used in these batteries.
Ever increasing demand for metals is causing a rapid depletion of the primary metal sources (ores). Extraction of metals from the secondary sources requires less energy, helps preserve natural resources and reduces environmental pollution due to the production processes. Increasing attention is now being focused on the secondary sources and considerable progresses have been made towards the recovery of metal values from various secondary sources that include wastes. Spent dry cell batteries contain significant quantities of useful metals that can be technically extracted and reused [5] . At the same time, the development of a suitable method for the recovery of value metals from spent dry cell batteries can decrease the amount of wastes to be disposed and thus reduce the disposal and treatment problems.
Detailed information on the exact nature and content of metal values and other component parts are useful for the development of a suitable process for the disposal or the utilization of the spent dry cell batteries. This study focuses on the determination of the nature and amount of the different metals in all the commercial types of zinc-carbon batteries so that a suitable process for the extraction of all metal values could be developed.
EXPERIMENTAL
Samples of spent batteries of all the five commercially available types of zinc carbon dry cell batteries (AAA, AA, C, D, 9V) were collected from different sources: houses, student residential halls, and local scrap shops as well as from the streets through the street children. A wide range of the zinc carbon dry cell battery brands like Sunlight, Motoma, DQ power, Imperial, Brave, Haque Imperial, Olympic, Olympic gold, Sony, Sony super, National Hyper, Panasonic Hyper, Li Feng, New leader, Everlast, Pako and Standard were found during the collection. The samples, irrespective of the brands, were divided into the different types. Some batteries were too badly damaged for physical separation of the components and were discarded. For the C type batteries, only National Hyper and Panasonic Hyper brand batteries could be collected. Some new batteries of each of the five types were bought to compare with the spent ones.
The samples were dismantled manually and the different component parts were carefully separated and weighed. The weight proportions of the different components (casing, paste, etc.) of ten samples in each type of both new and spent battery were estimated. The proportions of the different components reported in this presentation are the average of the values determined on ten samples. The compositions of the electrolyte paste in both new and spent dry Vol.11, No.6 Characterization of Spent Household Zinc-Carbon 643 cell batteries were determined by Rigaku X-ray fluorescence (XRF) spectroscopy machine, and the phases present in the paste were identified by X-ray diffraction (XRD) analysis. The XRD pattern was recorded in Panalytical X-Pert diffractometer using Cu K α (λ=1.54056 A o ) radiation.
The amount of zinc oxide in the anode was estimated by chemical analysis [5] . Around 5g of the anode zinc of both the new and the spent battery were first dissolved in ammoniacal ammonium chloride (Muspratt) solution under constant stirring for one hour at 50 0 C. Zinc oxide of the anode dissolves in this solution while the metallic zinc portion remains undissolved. EDTA complexometric analysis with Erichrome black T indicator was done to determine the zinc content in the solution, which consequently gave the estimation of zinc oxide in anode.
For the determination of moisture content, a 20g sample of the electrolyte paste was heated in an oven at 110 0 C to a constant weight. The difference in weight of the as received and the dried sample was used to determine the moisture content of the electrolyte paste.
RESULTS AND DISCUSSION

Identification of the Structural Components
Samples of dry cell batteries (both new and spent) were dismantled manually and the different parts were identified. A dismantled C type battery with its different component parts is shown in Fig. 1 . The steel plate in the battery was found to be tin-plated. This finding agrees well with the results obtained by others [6] . The existence of tin in the steel was detected by X-ray fluorescence (XRF) analysis (Table 1) . 
Estimation of Zinc and Zinc Oxide on Anode
In the new and spent batteries, zinc oxide was found to be 7.65% and 58.34% respectively of the total weight of anode. The amount of zinc oxide is clearly more in the spent batteries and this may be attributed to the oxidation of the anode during discharging reactions in the battery. Moreover, wide variation in the amount of zinc oxide was observed due to the different condition of the batteries when discarded.
Moisture Content Determination
The moisture content in the electrolyte paste of the spent batteries, as determined by heating to constant weight, was found to be 12.32%. This value agrees well with the results (11.2%) obtained by other investigators [7] .
Estimation of Carbon, Hydrogen and Nitrogen in Electrolyte Paste
Carbon, hydrogen and nitrogen were determined in EuroEA Elemental Analyzer. In each case three samples of electrolyte paste was analysed and the results presented are the average values. Both the new and spent batteries were analyzed and the total amount of carbon, hydrogen and nitrogen in both the types were almost identical. Ammonium chloride dissociation is a spontaneous reaction in presence of water. The analysis was done on a dry basis. The evaporation of moisture and the dissociation of ammonium chloride in presence of atmospheric moisture might have yielded the same total amounts in both the new and spent batteries. The analysis result is shown in Table 2 . Table 3 gives a comparison of the weight proportions of different component parts in spent and new batteries. A variation in the proportions of zinc anode and the electrolyte paste in the new and spent zinc carbon dry cell batteries were noted. This may be attributed to the gradual corrosion of the anode zinc which move to the electrolyte paste during the discharge of the batteries and consequently, change the proportion. However, no significant variations in the proportions of the carbon electrode or of the other parts of the new and the spent batteries could be detected. The composition of the zinc anode, as determined by the x-ray fluorescence (XRF) analysis, is given in Table 4 . In the dry cell batteries high purity zinc (purity over 99%) is used as anode material [8] . In a new and spent D-type battery, the purity was found generally 98% and 96.2%. Correction to exclude chlorine that comes from the electrolyte paste and silicon, which is an extraneous impurity, gives the purity figures as 99.27% and 98.76% respectively. A small amount of iron was detected in the spent anodes which come as a contaminant from the steel casing of the battery. A small amount of lead was also detected. However, no cadmium or mercury was detected in the anode. These elements were added in the past to improve the corrosion resistance of the anode as well as to improve the formability of anode zinc [6, 9] . Environmental regulations have obliged the battery manufacturers to exclude mercury and cadmium.
Weight Percentage Analysis
Characterization of the Anode
Fig: 2(a): XRD pattern of the new D-type battery anode
X-ray diffraction (XRD) patterns of the anodes of different type batteries are shown in Fig. 2 . X-ray diffraction pattern of a new D-type anode [ Fig. 2(a) ] showed only Zn and ZnO as the Vol.11, No.6 Characterization of Spent Household Zinc-Carbon 647 major phases on it. The most intense diffraction line of zinc and zinc oxide was found to be at almost the same angle and it was difficult to distinguish them. However metallic zinc should be expected to be predominant in new battery anodes. The results of chemical analysis, as presented previously, are in good agreement with this observation.
The most intense peak for zinc occurred at 36.2606 0 and for zinc oxide at 36.4345 0 . The spent anode of a D-type battery [ Fig. 2(b) ] showed Zn, ZnO and Zn(NH 3 ) 2 Cl 2 as the major phases. The presence of Zn(NH 3 ) 2 Cl 2 could not be detected in the x-ray diffraction patterns of spent AA type battery anode [ Fig. 2(c) ]. The presence of Zn(NH 3 ) 2 Cl 2 phase in the D-type battery electrolyte paste might be due to the presence of ammonium chloride in the electrolyte paste of the D-type batteries. 
Characterization of the Electrolyte Paste
The percentages of various elements in the electrolyte paste of different types of zinc carbon batteries (both new and spent) are shown in Table 5 . Zinc and manganese were the main metallic values in the electrolyte paste of both new and spent batteries. Chlorine was around 20 wt. percent and a very small percentage of lead was detected in some types.
The variation in composition may be ascribed to the difference in condition of the batteries when discarded and also to the variation in composition of electrolyte used by different manufacturers. The zinc and manganese contents of the spent batteries were seen to be more than in the new ones. This may be due to the dissociation of ammonium chloride in the spent batteries that consequently increased the metallic portions in these batteries. Higher zinc content in the electrolyte paste of the spent batteries could be due to the discharge reactions. A larger portion of the electrolyte paste than that of the anode was contaminated by iron.
Carbon and MnO 2 were found to be the major phases in the AAA, AA and C type new batteries [ Fig.3(a) ]. Carbon was found in several forms, i.e., graphite carbon, hexagonal carbon and cliftonite. Similarly, MnO 2 was found in several crystalline forms, like akhtensite, pyrolusite, ramsdelite, manganese black and manganese oxide. At least seven different types of MnO 2 , representing several crystalline forms are known to exist [10] . NH 4 Cl phase was predominant and clearly identified in the 9V and D-type new batteries of sunlight brand [ Fig.  3(b) ]. However, NH 4 Cl phase could not be detected in the other three types of batteries due to the predominance of ZnCl 2 in such cells [6, 11] .
In the spent batteries, ZnO.Mn 2 O 3 , Mn 2 O 3 and Mn 3 O 4 were the major phases (Fig. 4) . This is in good agreement with the results obtained by other investigators [9] . Other probable phases present in those batteries were MnO(OH),NH 4 Cl, Fe 2 O 3 and FeOCl. Iron contamination in the spent batteries comes from the oxidized outer steel part. The inter mixing of the steel casing and the electrolyte paste after a prolonged discharge time might occurred through the damaged layer of the zinc anode. Also, during dismantling, some outer oxidized steel parts would have mixed with the electrolyte paste. 
Total Metal Values
The average values of metal contents of the whole battery (both new and spent types) are given in Table 6 and Table 7 respectively. Small variations in the weight percentage of the elements were observed in the new and spent batteries. This may be attributed to the variations in the amounts of non-metallic elements caused by probable ammonia dissociation in the spent types and also, to the variation in composition used by different manufacturers. Zinc and manganese contents were about 22 and 24 percent of the total weight of the battery in both the new and spent types. Steel parts constituted around 17 percent of the total weight. The carbon rod, chlorine, plastics, wax or asphalt and other minor elements constituted the remaining part of the batteries. 
